. Total protein extracts were prepared from mouse ovaries of 8-week-old mice that were hormonally synchronized for 48 hours by injection of 7 IU of PMS-G. Ovaries were harvested, washed in phosphate-buffered saline, dounced in extraction buffer [200 mM KCl, 100 mM tris ( pH 7.9), 0.2 mM EDTA, 10% glycerol, and 0.1% NP-40], and incubated for 1 hour on ice. Either 20 l of anti-Myc negative control or 20 l of anti-TBP/protein A-Sepharose CL-4B (Amersham Pharmacia) beads were incubated with 0.3 ml of ovary extract for 4 hours at 4°C. Immune complexes were washed twice in 0.2 M KCL, twice in 0.5 M KCl, and then twice in 0.2 M KCl on ice. Beads were boiled in sample buffer and separated on either a 7.5 or 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Western blot analysis was carried out with rabbit polyclonal antisera diluted to 1: 5000 for anti-TAF II 105 or to 1: 2500 for anti-TAF II 250 and TBP. The secondary antibody to immunoglobulin G-horseradish peroxidase (Pierce, Rockford, IL) was diluted to 1: 5000, and proteins were visualized with enhanced chemiluminesence (Amersham Pharmacia). For the protein samples in Fig. 2D , splenocytes derived from mice of each genotype were activated with lipopolysaccharide (LPS), lysed in sample buffer, and separated by a 6% SDS-PAGE gel. 11. Overlapping phage clones containing a portion of the TAF II 105 gene were isolated from a mouse 129Sv genomic library and subcloned to generate pBT3. Not I-linearized pBT3 was electroporated into R1 ES cells. The targeting event removed half of exon h located in the 3Ј end of the TAF II 105 gene, replacing it with a neo cassette in the reverse orientation. Genomic DNA was isolated from neomycin-resistant ES clones, digested with Bam HI, and analyzed by Southern blot analysis against a 32 P-labeled genomic fragment. Targeting efficiency was about 1.6%. Heterozygous ES cells were injected into blastocysts to establish founder chimeric mice, and chimeric mice that transmitted to the germ line were bred to homozygosity. To genotype mice, tail genomic DNA was analyzed in a single PCR reaction containing three primers (105G2, AACATGTAATGGAT T T TCT; 105G4, GGTC-TGTAT T TCCT TAATGG; and Neo2, CTAAT TCATCA-GAAGCTGAC), which amplifies a 200 -base pair (bp) fragment and a 150-bp fragment from the wild-type and mutant TAF II 105 alleles, respectively. Western blot analysis was used to confirm the loss of fulllength TAF II 105 and the absence of COOH-terminally truncated forms of TAF II 105. Heterozygous TAF II 105 mice were back-crossed to the inbred C57BL/6J strain ( Jackson Laboratories, West Grove, PA). 12. R. N. Freiman, R. Tjian, unpublished data. 13 4438 (1985) . TAF II 105 -/-females were bred with vasectomized males, and the presence of a copulatory plug indicated a successful mating. On day 0.5 postcoitum, WT B6SJL F 2 hybrid two-cell eggs were transferred into one oviduct of each -/-pseudopregnant female as previously described. Superovulation was induced by a standard hormone regimen, and ovulated eggs were collected 13 hours after injection of human chorionic gonadotropin as previously described. 14. Supplementary Web material is available on Sci- We have assembled data from Caenorhabditis elegans DNA microarray experiments involving many growth conditions, developmental stages, and varieties of mutants. Co-regulated genes were grouped together and visualized in a three-dimensional expression map that displays correlations of gene expression profiles as distances in two dimensions and gene density in the third dimension. The gene expression map can be used as a gene discovery tool to identify genes that are co-regulated with known sets of genes (such as heat shock, growth control genes, germ line genes, and so forth) or to uncover previously unknown genetic functions (such as genomic instability in males and sperm caused by specific transposons). Figure 1A shows the types of experiments that have been done to date, including experiments on wild-type development, heat shock, Ras signaling, aging, the dauer stage, sex regulation, and germ line gene expression (6, 7, 10) . To find out which genes are co-expressed, we first assembled a gene expression matrix in which each row represents a different gene (17,817 genes) and each column corresponds to a different microarray experiment (553 experiments) (Fig. 1B) . The matrix contains the relative expression level for each gene in each experiment (expressed as log 2 of the normalized Cy3/Cy5 ratios). We calculated the Pearson correlation coefficient between every pair of genes. For each gene, the similarity between it and the 20 genes with the strongest ( positive) correlations were used to assign that gene to an x-y coordinate in a two-dimensional scatter plot with the use of force-directed placement. In this x-y ordination step, genes are positioned relative to each other under the influence of attractive and repulsive forces. Each gene is attracted to other genes with a force proportional to their similarity in gene expression, but a constant force also repels each gene from groups of other genes. We then used a computer program called VxInsight to visualize the spatial distribution of the genes, resulting in a display in which genes with a high correlation are placed near to each other on a two-dimensional scatter plot. [Force-directed placement and data mining with VxInsight are described in (11, 12) , available Online at www.cs. sandia.gov/projects/VxInsight.html, and Link 1 at Science Online (13)]. As a further visual cue, the two-dimensional scatter plot is converted into a three-dimensional terrain map in which the z axis denotes the density of genes within an area ( Fig. 2A) .
The gene expression map shows gene expression clusters for nearly all of the genes (17,661 genes, 93% of the genome) formed We then counted the number of genes that overlap in the biogroup with that of the gene expression mountain. We calculated the probability of seeing the observed number of overlaps or more by chance (P value) for each biogroup-mountain pair assuming a hypergeometric distribution. Overlap P values for each biogroup with each mountain (C) and with randomly constructed mountains of the same size as the original mountain (D) are shown. Scale shows the log 10 (P value). The list of biogroups and the mountains are shown in Web table 2 and Web table 3 (13), respectively. The biogroups and mountains are ordered so that neighbors have similar mountain profiles.
by numerous, diverse microarray experiments ( Fig. 2A) (14) . The raw C. elegans expression data can be downloaded from (13) , and copies of VxInsight can be downloaded from http://cmgm.stanford.edu/ ϳkimlab/topomap/vxinsight.htm. Genes were assigned to individual gene expression clusters (terrain map mountains), and each cluster was numbered according to size, from mount 0 (2703 genes) to mount 43 (5 genes) ( Table 1) . Each mountain contains sets of highly correlated genes, and the mountain width denotes the overall level of correlation of the genes in that mountain. Mountain altitude signifies the number of genes present in that mountain. It is not yet clear how well gene expression correlations between genes in different mountains can guide the relative placement of one mountain to other mountains on the map.
To assess the significance of the topographical patterns shown in Fig. 2A , we first randomized the expression table by shuffling the values within each row and then reclustered the genes. We observed no appreciable structure in the randomized terrain map (Fig.  2B) , suggesting that the geography observed in the actual expression map ( Fig. 2A) has biological significance. Then, to assess the stability of the gene expression terrain map, we either rederived the map from random starting positions or added a small amount of noise to the data and noted that there was a high degree of overlap between the various derived maps [Web Links 2 and 3 (13)]. To determine which correlations are dependent on specific sets of experiments, we split the experiments into two nonoverlapping sets, formed two new expression maps, and compared gene correlations on one map with those on the other. We observed that many genes have similar neighbors in both maps [Web Link 4 (13)]. Lastly, we showed that the observed overlaps between clusters on the gene expression terrain map and groups of genes with similar biological functions are much higher than would be expected by random chance (Fig. 2 , C and D) (13, 15) . This demonstrates that there are strong biological patterns embedded in the expression data and that the clustering produced by VxInsight has biological relevance. A wide variety of other algorithms [such as hierarchical clustering (16) ] could have been used in addition to VxInsight to cluster genes on the basis of their expression profiles. We chose to use VxInsight because depicting gene correlation data in three dimensions is extremely useful to visualize patterns of gene expression in large data sets.
We studied the genes in each mountain to find patterns suggesting the underlying biological property for that group of genes. We also looked through 56 sets of genes that were previously known to function together (Web table 1) and found that 46 showed enrichment in one or more of the gene expression mountains (Fig. 2C) . Some of the gene expression mountains grouped genes together that were expressed in similar tissues (such as muscle, neuron, germ line), whereas other mountains grouped genes that had similar cellular functions (for example, histones, ribosomal genes, collagens). Overall, we were able to infer a potential physiological importance for 30 of the 44 mountains by showing that specific mountains were enriched for particular sets of genes. The functional interactions suggested by the gene expression terrain map are based entirely on expression data. Thus, in addition to biochemistry and genetics, one could now infer gene func- Table 1 . The R value is a measure of the correlation of the expression patterns of the genes in a mountain. For each mountain, the Pearson correlation between each gene and every other gene in that mountain was calculated. R is the median of all of these Pearson correlations. Large mountains tend to have lower R because genes on opposite sides of the mountain have lower correlations. Unless otherwise noted, representation factors are significant at P Ͻ 0.001 (17) . The probability was determined using either the exact hypergeometric probability or using the normal distribution approximation, when appropriate.
Mount
No tions with the use of gene expression data. Several mountains were highly enriched for genes from particular tissues or organs. For example, previous microarray experiments identified a total of 650 sperm-enriched genes (6). Of these, 583 genes (89%) are present in mount 4, which is 21 times (21ϫ) more than the number of genes expected due to random chance [defined as the representation factor (17)] (Fig. 3A and Web table 1).
The sperm-enriched genes were defined using microarrays containing only 63% of the genome, and 848 of the genes in mount 4 were present on these microarrays (and, thus, were available to be identified as spermenriched). Thus, highly sperm-enriched genes (99.9% confidence level) composed about 69% of mount 4. Much of the remainder of mount 4 consisted of genes that are spermenriched but at a lower level; 775 genes in mount 4 were sperm-enriched at the 95% confidence level (88% of mount 4 out of 848 genes).
The major sperm protein (MSP) genes, which are genes encoding proteins that bind each other in forming the sperm cytoskeleton and are required for sperm motility (Fig. 3, A and B) [see movie (13) ] (18), clustered together at one end of mount 4. As noted previously, protein kinases and phosphatases are enriched in sperm (6) . These gene classes were also highly enriched in mount 4; specifically, 103 of 361 protein kinase genes (6.8ϫ higher than random chance) and 67 of 106 protein phosphatases (15ϫ) are present in mount 4 (Web table 1). Because sperm are unusual cells in that they are transcriptionally and translationally inactive, the high abundance of protein kinases and phosphatases in mount 4 suggests that sperm commonly use protein phosphorylation to regulate protein activity.
Previous microarray experiments identified 258 oocyte-enriched genes and 508 genes enriched in both sperm and oocytes (germ line-intrinsic genes) (6). The germ line-enriched and oocyte-enriched genes were concentrated in three mountains: mount 7 (12ϫ and 9ϫ, respectively), mount 11 (13ϫ and 13ϫ), and mount 18 (2.4ϫ and 4.1ϫ). In addition, germ line-enriched genes were concentrated in mount 20 (7.5ϫ) [ Fig.  3C and movies at (13)]. These four mountains contain 483 of the 766 germ line-and oocyte-enriched genes (63%). Of the remaining 283 germ line-enriched genes, 161 (21%) were found in mount 2, which is a large mountain containing many genes involved in diverse biosynthetic pathways. These four mountains segregate the germ line genes according to their different biological roles. For example, the first two (mount 7 and mount 11) were highly enriched for meiosis and mitosis genes and, therefore, may reflect genes expressed in the early germ line. We identified a set of 23 genes known to be involved in meiosis; 12 are in mount 7 (11ϫ representation factor) and six are in mount 11 (8ϫ) (Web table 1). The list of meiosis genes contains six involved in forming the synaptonemal complex, and all are contained in mount 7 (19) . We identified a set of 80 genes known to be involved in mitosis (Web table  1 ). Of these, 16 are in mount 7 (4.4ϫ) and 26 are in mount 11 (10ϫ). The list of mitosis genes contains five that are orthologs of components of the mammalian retinoblastoma (Rb) tumor suppressor complex. The Rb tumor suppressor complex regulates cell growth and division by controlling gene expression throughout the cell cycle (20) . In C. elegans, this complex consists of LIN-35 (Rb), HDA-1 (histone deacetylase), and RBA-1/RBA-2 (both RbAP48) (21) . All four genes encoding proteins in the Rb tumor suppressor complex were present in mount 11. In addition to these four genes, lin-9 is implicated in Rb complex formation as lin-9 mutants have a similar phenotype to lin-35, hda-1 and rba-2 mutants (synthetic multivulva) (22) . We observed that lin-9 was clustered with the Rb complex genes in mount 11. Thus, both mutant phenotype and microarray expression data indicate that lin-9 may play a functional role in the Rb complex.
Mount 18 and mount 20 were both enriched for protein expression and biosynthesis genes, respectively. We identified 478 genes involved in various biosynthetic pathways, such as energy generation, nucleotide synthesis, carbohydrate metabolism, fatty acid oxidation, and amino acid synthesis (Web table 1 ). The biosynthesis genes were mildly enriched in mount 18 (2.6ϫ) and strongly concentrated in mount 20 (10ϫ). Then, we identified 390 genes involved in protein synthesis, such as genes encoding tRNA synthetases, ribosomal proteins, chaperones, heat shock proteins, protein translocation components, and RNA processing proteins (Web table 1). These protein synthesis genes are enriched in mount 18 (9.7ϫ) and mount 20 (16ϫ). Biosynthesis and protein expression are highly active during oogenesis, as small germ line cells enlarge into enormous oocytes ready to begin growth of the new embryo. Thus, genes clustered in mount 18 and 20 may correspond to late germ line genes.
Eight genes are known to be expressed primarily in the intestine (Web table 1). Five of the intestinal genes were expressed in mount 8, which is 13ϫ the number expected given the size of this mountain (803 genes) (Fig. 3D) . Additional genes in mount 8 are likely to be expressed in the intestine because they encode proteins involved in digestion or protection from bacterial infection. Mount 8 contained five genes that are similar to Entemeba histolytica N-acetylmuraminidase (a bacterial lysozyme, 12ϫ enriched), suggesting that these genes may be expressed in the C. elegans intestine to digest bacterial cell walls. There were 32 protease genes in mount 8 (out of 116 proteases in the genome, 6.4ϫ enriched) that could be expressed in the intestine to break down bacterial proteins. Carboxylesterases are enzymes used by the intestine to metabolize carbohydrates and sugars; 12 (out of a total of 36 carboxylesterases in the genome, 7.3ϫ enriched) are expressed in mount 8 including ges-1, which is known to be expressed in the intestine (23) . Lipases are enzymes used by the intestine to digest lipids; 15 of the 32 lipases in the C. elegans genome are contained in mount 8 (10ϫ enriched). Mount 8 contained the gene nuc-1, which encodes a deoxyribonuclease (DNase) expressed by the intestine for digestion of bacterial DNA (24 ) . Two genes encoding proteins similar to the mammalian low-density lipoprotein (LDL) receptor were present in mount 8 and could function in the intestine to bind sterols in the lumen and internalize them into intestinal cells. Mount 8 contained two genes that encode insulin-related peptides that might be expressed in the intestine to regulate uptake of nutrients.
Another function of the intestine is that it protects against bacterial infection and from ingestion of harmful chemicals. Mount 8 contained seven out of nine genes that encode antibacterial proteins similar to granulysin of cytotoxic T cells (17ϫ enrichment). These genes may be expressed in the intestine to protect the worm from bacterial infections. Mount 8 contained a metallothionein gene (mtl-2), which is known to be expressed in the intestine and function to bind and inactivate heavy metals (25) . Mount 8 contained eight genes encoding UDP-N-acetylglucosamine:alpha-3-D-mannoside beta-1, 2-Nacetlyglucosaminyltransferase I (where UDP is uridine 5Ј-diphosphate) out of a total of 64 such genes in the genome (2.8-fold enrichment), including gly-14, which is known to be expressed in the intestine (26) . These genes encode enzymes that are of major importance in the modification and subsequent inactivation of toxic compounds. They could be expressed in the intestine to protect the worm from harmful chemicals.
Thirty-nine genes are known to be expressed primarily in muscle (Web table 1). These genes were enriched in mount 1 (4.1ϫ) and mount 16 (24ϫ). Mount 1 is a large mountain with diverse types of genes, and it was also enriched for many neuronal proteins. In mount 1, the known muscle genes included primarily receptors, extracellular proteins, or receptor-associated proteins such as egl-19 (which encodes a voltage-dependent calcium channel), unc-52 (which encodes a component of the basement membrane), or egl-30 (which encodes a G alpha protein) (Fig. 3F) (27) (28) (29) . Mount 16 included genes that make the muscle filaments themselves, such as those encoding myosin light chain, myosin heavy chain, paramyosin, and two types of troponin (Fig. 3E) .
We examined 88 genes that are known to be enriched in neuronal cells. These neuronal genes were clustered in mount 1 (2.7ϫ), mount 6 (6.5ϫ), and mount 13 (3.1ϫ). Both muscle and neuronal genes are clustered in mount 1, and the known muscle or neuronal genes in mount 1 tended to encode receptors or receptor-associated proteins. One possibility is that these genes function in synaptic transmission at neuromuscular junctions. For example, PDZ-containing proteins are expressed in synapses and appear to have a role in clustering or localizing neurotransmitter receptors in both the pre-and postsynaptic densities (30) . There are 58 genes with PDZ domains in C. elegans, and 17 of these were concentrated in mount 1 along with other neuromuscular genes (2.9ϫ enriched). In addition to neuronal genes, mount 13 was enriched for retrotransposons (4.0ϫ), suggesting that retrotransposons might be active in worm neurons.
Previous microarray experiments comparing adult males with adult hermaphrodites identified 1651 male-enriched genes, consisting not only of the sperm genes (enriched in mount 4) but also genes expressed in the soma such as in the male copulatory organ or in male-specific neurons (7) . Many of the male-enriched genes were clustered in mount 4, corresponding to sperm-enriched genes. The male-enriched genes were also enriched in mount 26 (9.5ϫ) (Fig. 3F) . Of the 95 genes in mount 26, 83 are male-enriched (87%) and are likely expressed in the male soma. Mount 26 contained 15 genes that encode cell surface markers (C-type lectins), suggesting that these genes may function to distinguish the extracellular surfaces of male and hermaphrodite cells.
The second general pattern of gene clusters observed in the gene expression terrain map corresponds to sets of genes that form functional modules, such as genes that act in one biochemical pathway or encode similar types of proteins. For example, mount 20 and mount 36 were both enriched for heat shock genes. In particular, 7 of the 10 genes in mount 36 encode heat shock proteins (337ϫ enriched). The remaining three genes (F26H11.3, F58E10.4, and Y43F8B.2A) were not previously known to be involved in the heat shock response. We performed another set of heat shock microarray experiments and found that all three are heat shock-regulated at the 99% confidence level (Table 2) . Thus, direct experimental evidence confirmed the genetic relation suggested by the juxtaposition of three unknown genes with known heat shock protein genes.
Mount 32 is highly enriched for histone genes (226ϫ); of the 24 genes in this mountain, 22 are histone genes that comprise the nucleosomal core (H2A, H2B, H3, and H4). The other type of histone (H1) is not part of the nucleosome itself but serves as a linker between nucleosomal subunits on chromatin. There are five histone H1 genes, and three of these are in mount 11 (18ϫ) along with early germ line genes.
The 99 transposons in the C. elegans genome consist mainly of Mariner elements, Tc1, Tc3, Tc4, and Tc5 (Web table 1). In most cases, fig. 4 has expression for individual transposon copies. Male/herm., experiments comparing adult male to adult hermaphrodite RNAs (7); sperm/oocyte, experiments comparing fem-3(gf ) to fem-1(lf ) worms (6). Yellow and blue denote high-and low-expression levels, respectively. (Fig. 4A ). Tc4 and Tc5 show more sequence heterogeneity and were spread out in mounts 0, 1, 3, and 9.
The expression map showed that the Tc1, Tc3, and Mariner transposon families were expressed differently from each other, suggesting different types of developmental regulation. To begin to elucidate this developmental control, we examined the expression profiles for the transposons in the published microarray data (6, 7) . We found that average expression of Mariner transposons was high in sperm relative to oocytes, suggesting that this transposon may have a higher mobilization rate in the male compared with the hermaphrodite germ line (Fig. 4B ). We also found that the average expression of Tc3 was high in the male soma, as it is enriched in males versus hermaphrodites but not in sperm versus oocytes. Additional sets of genes that cluster in the same mountain on the gene expression terrain map are shown in Table 1 and listed in Web  table 1 . Further investigation is likely to reveal many more clusters of genes on the terrain map.
The gene expression database provides higher resolution than individual microarray experiments because the expression patterns of particular groups of genes are refined by a multitude of experiments. For example, the germ line microarray experiments (6) identified 758 genes that are enriched in the hermaphrodite germ line, but the gene expression terrain map was able to subdivide these genes into four mountains (mounts 7, 11, 18, and 20) enriched for genes with distinct biological roles. Furthermore, the position of genes within a mountain in the terrain map often provides information about its function, as we frequently observed that genes with similar function were placed close to each other in a section of one mountain. This level of detail was not observed in microarray experiments comparing only two worm samples (31) .
The ability to identify candidate genes whose function can subsequently be confirmed by experimental testing depends greatly on the resolution of the terrain map. Some sets of genes (such as the heat shock genes, spermenriched genes, nucleosomal histone genes, and ribosomal genes) show tight clustering in which genes that are known to be functionally related are adjacent to each other on the gene expression map. Other groups of genes (such as the retinoblastoma complex genes) may be loosely clustered together in the same expression mountain.
Although the sperm versus oocyte experiments were specifically designed to identify sperm and oocyte genes (hypothesis testing), the terrain map also grouped genes even when they were not specific targets of any of the experiments in the database (undirected knowledge discovery). For example, none of the experiments were specifically designed to reveal expression in muscle, intestine, or neurons, or to show expression by the histone, collagen, or transposon genes (Fig. 1A) . Nevertheless, these genes form discrete clusters or mountains on the terrain map, most likely because they showed serendipitous co-regulation in one or more of the experiments in the large database. In many cases, mountains on the gene expression terrain map reveal unexpected interactions between genes. These types of unexpected gene clusters are best revealed using undirected data mining of a global gene expression database rather than testing specific hypotheses.
Caenorhabditis elegans is a powerful model system to analyze biological processes with the use of functional genomics approaches. In addition to global expression studies, efforts are under way to determine the mutant phenotype of most C. elegans genes using RNA interference and to identify protein binding interactions on a whole genome level using a high-throughput, yeast two-hybrid approach (32) (33) (34) (35) (36) . Thus, there is a rapid accumulation of expression data, mutant phenotypes, and protein binding interactions, making it possible to begin to elucidate cellular, developmental, and organismic processes on a global scale.
